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Background: Glycogenin autoglucosylation, required to prime glycogen glucopolymerization, can be produced by the
monomeric and dimeric forms of the enzyme.
Results: Glycogenin intramonomer glucosylation produced full autoglucopolymerization, and intrasubunit glucosylation was
necessary to complete dimer autoglucosylation.
Conclusion: Glycogenin dimerization is not required for full autoglucosylation.
Significance: De novo glycogen biosynthesis can be sustained by monomeric glycogenin.
Initiation of glucose polymerization by glycogenin autogluco-
sylation at Tyr-194 is required to prime de novo biosynthesis of
glycogen. It has been proposed that the synthesis of the primer
proceeds by intersubunit glucosylation of dimeric glycogenin,
even though it has not been demonstrated that this mechanism
is responsible for the described polymerization extent of 12 glu-
coses produced by the dimer.We reported previously the intra-
monomer glucosylation capability of glycogenin without deter-
mining the extent of autoglucopolymerization. Here, we show
that the maximum specific autoglucosylation extent (MSAE)
produced by the non-glucosylated glycogenin monomer is
13.3  1.9 glucose units, similar to the 12.5  1.4 glucose units
measured for the dimer. The mechanism and capacity of the
dimeric enzyme to carry out full glucopolymerization were also
evaluated by construction of heterodimers able to glucosylate
exclusively by intrasubunit or intersubunit reaction mecha-
nisms. The MSAE of non-glucosylated glycogenin produced by
dimer intrasubunit glucosylation was 16% of that produced by
the monomer. However, partially glucosylated glycogenin was
able to almost complete its autoglucosylation by the dimer
intrasubunit mechanism. The MSAE produced by heterodimer
intersubunit glucosylation was 60% of that produced by the
wild-type dimer.We conclude that both intrasubunit and inter-
subunit reaction mechanisms are necessary for the dimeric
enzyme to acquire maximum autoglucosylation. The full gluco-
polymerization capacity of monomeric glycogenin indicates
that the enzyme is able to synthesize the glycogen primer with-
out the need for prior dimerization.
Previous reports on -1,4-glucan-protein formation, pro-
posed for the initiation of glycogen biosynthesis (1), and on the
existence of retina glycogen as a protein-bound polysaccharide
(2) led to the discovery of the autoglucosylating enzyme glyco-
genin (3, 4). Glycogenin autoglucosylation results in the forma-
tion of a glycogenin-bound Tyr-194-linked -1,4-oligoglucan
(5, 6), required to prime de novo glycogen biosynthesis (7, 8).
The synthesized branched polysaccharide remains linked to the
Tyr residue of glycogenin, forming a proteoglycogen molecule
(9–11). Dimeric glycogenin, as it exists in the crystallized pro-
tein (12), is considered to be the autoglucosylating enzyme form
(13). The glycogenin-linked oligoglucan product (analyzed by
MS) was previously shown to have an average polymerization
degree of 12 (6). The reaction kinetics exhibited by a het-
erodimer formed by two glycogenin mutants, one lacking glu-
cosylating activity and the other without the acceptor Tyr-194
residue, led an intersubunit reaction mechanism being pro-
posed for autoglucosylation (14). We demonstrated previously
that monomeric glycogenin, as it is present in solution at sub-
micromolar concentrations, is able to autoglucosylate by an
intramolecular mechanism (15). However, the extent of gluco-
polymerization produced by themonomerwas not determined.
Given the intramonomer glucosylation capacity, an intrasu-
bunit glucosylationmechanismmight also be involved in dimer
autoglucosylation. Furthermore, enzyme dimerization might
not be necessary to produce a fully glucopolymerized primer.
The requirement of glycogenin to initiate de novo polysaccha-
ride biosynthesis for the storage of metabolic energy reserve
emphasizes the important role of the enzyme and the need to
understand fully the reaction mechanism by which the primer
is synthesized with the maximum degree of glucopolymeriza-
tion. The requirement that glycogenin must reach a certain, as
yet undetermined degree of glucosylation to prime further glu-
cosylation by glycogen synthase has been reported previously
(16). Thus, maximum polymerization of the synthesized glyco-
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Supplemental Material can be found at:
genin-bound oligoglucan might be necessary for the acceptor
requirement of glycogen synthase or the branching enzyme to
be able to carry out further glucosylation or the proposed for-
mation of the first branch before elongation (5), respectively.
In this study, we analyzed the capacity of the glycogenin
monomer to produce fully glucopolymerized Tyr-bound
primer (Scheme 1A) and of heterodimers to autoglucosylate
exclusively by an intersubunit or intrasubunit mechanism
(Scheme 1, B and C, respectively). We also considered the pos-
sibility of both intrasubunit and intersubunit reaction mecha-
nisms acting in combination in dimer autoglucosylation
(Scheme 1D) and of tetrameric glycogenin interdimer glucosy-
lation (Scheme 1F), as proposed previously (6, 13).
EXPERIMENTAL PROCEDURES
Materials—Escherichia coli strain Rosetta(DE3) and vector
pET15b were purchased from Novagen. Escherichia coli strain
CGSC 4997, a galactose-minus strain lacking UDP-glucose
pyrophosphorylase activity, was obtained from the E. coli
Genetic StockCenter of theDepartment ofMolecular, Cellular,
andDevelopmental Biology at Yale University. The rabbitmus-
cle 38-kDa glycogenin clone used as the PCR templatewas a gift
from Dr. P. J. Roach (Indiana University School of Medicine).
UDP-[14C]glucose (320 mCi/mmol) was purchased from the
Instituto de Investigaciones Bioquímicas Fundación Leloir
(Buenos Aires, Argentina). HisTrap FF and Superdex 75 col-
umns were obtained from GE Healthcare. Except where indi-
cated, all other reagents were from Sigma.
Wild-type and Mutant Recombinant Glycogenins—The
active rabbit muscle glycogenins used in this work were the
partially glucosylated full-length 38-kDa species (WT-38) and
the non-glucosylated (apo-270) and partially glucosylated
(WT-270) species truncated at residue 270. Truncation of gly-
cogenin at residue 270 resulted in amore stable 31-kDa protein,
without loss of activity (13, 14). The following autoglucosyla-
tion-inactive mutants were prepared: Y194F-270, a double
D159S/Y194F-270 mutant lacking both glucosylating activity
and acceptor capacity, and the T82M-270 mutant recently
described as causing a human deficiency in priming glycogen
synthesis (8). We determined that the recombinant T82M-
270 mutant was devoid of autoglucosylating, transglucosylat-
ing, and UDP-glucose-hydrolyzing activities, showing a three-
dimensional structure similar to that of apo-270.4 It has been
demonstrated previously that substitution of Tyr-194 with Phe
and of Asp-159 with Ser eliminates the glycogenin acceptor
capacity and glucosylating activity, respectively (14), without
affecting the three-dimensional structures (13). The structures
of Y194F-270 andD159S/Y194F-270were solved, showing a
high overall structural similarity to wild-type apo-270, with
root mean square deviations of 0.22 and 0.31 Å on the main
chain atoms, respectively. The superimposition of these struc-
tures with the described three-dimensional structures of
T82M-2704 highlighted the similarity between them, despite
their loss of activity (Fig. 1).
Mutagenesis, Expression, and Purification—Glycogenin
truncated at residue 270 was obtained as described previously
(15). Briefly, the cDNA corresponding to the fragment of inter-
est was inserted in-frame in the pET15b vector downstream of
the His6 tag-encoding sequence of the plasmid. The resulting
plasmidwas used as a template to generate all of themutants by
site-directed mutagenesis utilizing the QuikChange kit (Strat-
agene). For preparation of the glucosylated WT-270 species
and mutants, the appropriate plasmid was transformed into
E. coli strain Rosetta(DE3). The truncated non-glucosylated
species (apo-270) was prepared by expression in E. coli strain
CGSC 4997, previously lysogenized for site-specific integration
of a T7 RNA polymerase gene using a DE3 lysogenization kit
(Novagen). Typically, 1 liter of culture was grown at 37 °C to
absorbance values of 0.8–1.0 before being induced with 0.15
mM isopropyl -D-thiogalactopyranoside overnight at 20 °C.
The cells were collected by centrifugation, resuspended in 20
mM Tris-HCl buffer (pH 7.5) containing 0.5 M NaCl and 10 mM
imidazole (column buffer), and homogenized using an Emulsi-
Flex-C3 device (Avestin, Inc., Ottawa, Canada). For purifica-
tion of the His6-glycogenins, the clarified lysate was passed
through a HisTrap FF column (1 ml). The column was then
washed to give base-line UV absorbance with column buffer,
and the proteinswere elutedwith an imidazole gradient (0–250
mM). Fractions containing glycogenin were dialyzed against 20
mM Tris-HCl buffer (pH 7.5) containing 0.24 M sucrose and
stored at 20 °C.
Crystallization, Data Collection, and Structure Deter-
mination—Y194F-270 and D159S/Y194F-270 glycogenin
mutantswere concentrated to 10mg/ml and crystallized in 12%
(w/v) PEGmonomethyl ether 5000, 0.1 MMES (pH 6.5), and 0.2
M ammonium sulfate using the hanging drop vapor diffusion
method at 4 °C as described previously (13). Crystals were cryo-
protected by soaking in a solution containing 70% mother liq-
uor and 30% glycerol before being flash-frozen. Data were col-
lected at protein crystallography beamline D03B-MX1
(wavelength, 1.430 Å) of the Laboratório Nacional de Luz Sín-
crotron (LNLS; Campinas, Brazil) at 100 K using aMarresearch
CCD detector. Y194F-270 and D159S/Y194F-270 mutant
crystals belonged to space group I222, with one subunit in the
4 Carrizo, M. E., Romero, J. M., Issoglio, F. M., and Curtino, J. A. (2012) FEBS Lett.,
in press.
SCHEME 1. Arrows indicate the glucose transfer from UDP-glucose bound in
the active site (G) to Tyr-194 (Y) in the diagrammed glycogenin monomer (A),
heterodimers with only intersubunit (B) or intrasubunit (C) glucosylation
capacity, dimers with both intrasubunit and intersubunit glucosylation
capacity (D and E), and the tetramer with interdimer glucosylation capacity (F)
as proposed previously (6, 13).
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asymmetric unit. The data were processed and scaled using
MOSFLM (17) and Scala (18). Subsequent data analysis was
performed using the CCP4 suite of programs for crystallo-
graphic computing (19). The diffraction data statistics of the
selected data sets are summarized in supplemental Table S1. As
crystals of both glycogenin mutants are isomorphous with the
wild-type ones, the refined structure of apo-2704 without sol-
vent molecules was used as a starting model for the refinement
using the program REFMAC5 (20). After the Ser-159 and Phe-
194 side chains had been introduced, the models were sub-
jected to successive rounds of refinement alternated with man-
ual inspection and model building with the programs
REFMAC5 and Coot (21). Solvent molecules were added to the
models in the final stages of refinement based on examination
of the difference density maps.
Gel Filtration Chromatography—Gel filtration was carried
out on a Superdex 75 column (24 ml) as described previously
(15). The column was operated at 0.5 ml/min, 0.2-ml fractions
were collected, and the radioactivity was counted.
Autoglucosylation—The glycogenin monomer, dimer, and
heterodimers were subjected to 14C autoglucosylation by incu-
bation at 30 °C with 320 MUDP-[14C]glucose (20 mCi/mmol)
in the presence of 0.1 M MES (pH 7.0), 5 mM MnSO4, and 1
mg/ml BSA in total volumes of 10 l for the dimer and 100 l
for the glycogenin heterodimer and monomer. Unless indi-
cated otherwise, the incubation time was 60 min. 14C autoglu-
cosylation was measured by precipitation, washing the labeled
protein with trichloroacetic acid, and radioactivity counting as
described (22). Unless indicated otherwise, the results repre-
sent the mean values of three independent experiments, and
error bars show S.D.
Gel Electrophoresis—The glycogenin monomer and het-
erodimers were 14C-autoglucosylated as described above, and
aliquots were subjected to SDS-PAGE on 10% acrylamide
resolving gels with 3% stacking gels. After running, the gels
were stained with Coomassie Blue and subjected to
autoradiography.
Mass Spectrometry—Electrospray ionization-MSwas carried
out on a Micromass Q-Tof mass spectrometer (Waters, Mil-
ford, MA) at the W. M. Keck Biotechnology Resource Labora-
tory at Yale University. Fully autoglucosylated glycogenin was
prepared for MS analysis by incubation of 4.0 M apo-270
(320 pmol) with 320 M UDP-glucose for 60 min as described
above. Both non-autoglucosylated and autoglucosylated apo-
270 (320 pmol) were precipitated and then washed twice with
cold acetone. The dried protein residue was reconstituted with
10 l of 60% acetonitrile containing 0.1% formic acid before
been injected into the mass spectrometer.
RESULTS
Maximum Autoglucopolymerization Extent of Glycogenin
Monomer—Glycogenin was assayed at two concentrations,
0.04 and 4.0 M, which corresponded to the monomeric and
dimeric enzyme forms based on the apparent dimer dissocia-
tion constant of 0.85 M calculated previously (15). The full
glucopolymerization capacities of 0.04 M monomeric and 4.0
M dimeric apo-270 were determined bymeasuring the max-
imum specific autoglucosylation extent (MSAE)5 produced by
incubation with UDP-[14C]glucose for 60 min, the time at
which specific autoglucosylation reached a plateau (Fig. 2A). It
was determined previously that 320 M UDP-[14C]glucose is
the concentration that assures saturation with the donor sub-
strate for autoglucosylation and the accompanying sugar nucle-
otide-hydrolyzing activity (15) at the highest enzyme concen-
tration used (Fig. 2B). The MSAE was 13.3  1.9 glucose units
for the monomer and 12.5  1.4 glucose units for the dimer.
The extent of glucopolymerization of dimeric glycogenin was
corroborated by MS analysis. The deconvoluted spectrum
showed glycogenin-bound glucans of 10, 12, 13, 14, and 16 glu-
cose units, which, according to the relative abundance of each
glucosylated species, resulted in an average polymerization
5 The abbreviation used is: MSAE, maximum specific autoglucosylation
extent.
FIGURE 1. Alignment of Y194F-270 (green), T82M-270 (red), and D159S/Y194F-270 (purple) glycogenin mutants with wild-type apo-270
enzyme (blue). The structures were superimposed with the LSQKAB program (23), and the figure was prepared using the CCP4MG program (24).
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degree of 13 (Fig. 3), similar to that of the average chain length
described previously (6). The low concentration at which the
enzyme exists as a monomer was an obstacle for determining
the autoglucopolymerization degree by electrospray ioniza-
tion-MS. Nevertheless, the agreement between the maximum
specific 14C autoglucosylation extent measured for the dimer
and the average extent determined by MS analysis supported
the validity of theMSAE determined for the monomeric glyco-
genin form.
Extent of Glucopolymerization Produced by Dimer Intersub-
unit and Intrasubunit Glucosylation—As mentioned above,
mixing two autoglucosylation-inactive mutants, one lacking
the glucosylation capacity and the other the acceptor capacity,
resulted in the formation of a heterodimer that showed autog-
lucosylation kinetics consistent with an intersubunit glucosyla-
tion mechanism (14). However, the maximum extent of gluco-
polymerization produced by dimer intersubunit glucosylation
was not determined. Our work on dimer autoglucosylation was
focused on measuring the MSAE of heterodimers able to glu-
cosylate exclusively by an intersubunit or intrasubunit reaction.
The former was accomplished by measuring the autoglucosy-
lation extent of the heterodimer formed between T82M-270,
a mutant recently described as causing a human deficiency in
priming glycogen synthesis (8), and Y194F-270 (Scheme 1B).
The latter was undertaken by measuring the MSAE of the het-
erodimer formed by the D159S/Y194F-270 double mutant,
lacking glucosylating activity and acceptor capacity, and the
autoglucosylation-active 270 species (Scheme 1C). Het-
erodimer formation was carried out by mixing and equilibra-
tion of a monomer species (0.04 M) with the dimeric form of
another species (3.96 M). This concentration difference of 2
orders ofmagnitude favored the shift in the equilibrium toward
the conversion of themonomer species into a heterodimer. The
formation of the heterodimerwas verified by gel filtration chro-
matography (Fig. 4). A complete shift toward a lower elution
volume of labeled glycogeninwas observedwhen 0.1Mmono-
meric apo-270, labeled by partial 14C autoglucosylation, was
mixed with 20 M dimeric D159S/Y194F-270 double mutant
and passed through a Superdex 75 column after equilibration.
A similar elution shift was observed when the D159S/Y194F-
270mutant was replaced in themixture with the Y194F-270
or T82M-270 mutant (Fig. 4). This was consistent with the
conversion of the labeled monomeric glycogenin to the het-
erodimer with any of the three mutants. The specificity of the
heterodimer formation was corroborated by mixing similar
proportions of 14C-glucosylated glycogenin and albumin,
which resulted in no elution shift of the labeled enzyme.
The specific autoglucosylation time course of the het-
erodimer formed by glycogenin subunits with complementary
glucosylation and acceptor capacities is shown in Fig. 5. The
heterodimer formed by mixing 0.04 M Y194F-270 with 3.96
MT82M-270 (Scheme1B) showed a lineal autoglucosylation
increase without reaching a plateau (Fig. 5A). The extent of
autoglucosylation at 60 min was 34 mol of glucose/mol of het-
erodimer. This was 3-fold higher than theMSAE of the wild-
type dimeric enzyme and, taking into consideration the con-
stant increase in specific autoglucosylation, may indicate a
dynamic exchange of the acceptor subunit during heterodimer
glucosylation, with the replacement of glucosylated by non-
glucosylated T82M-270. On reversing the proportions of the
mutants by mixing 0.04 M T82M-270 with 3.96 M Y194F-
270, a similar subunit exchange was expected to occur but, in
this case, between the heterodimer and the dimer pool of the
glucosylation-active Y194F-270mutant, resulting in themax-
imum autoglucosylation of the T82M-270 heterodimer sub-
unit. Under these conditions, the autoglucosylationwas 6.3 glu-
cose units/60min/mol of heterodimer, reaching a plateau of 7.5
glucose units at 120 min of incubation (Fig. 5B). Thus, the rate
and extent of glucopolymerization for the heterodimer were
lower than for thewild-type dimeric enzyme (Fig. 2A). No auto-
glucosylation was measured when 0.04 M Y194F-270 and
T82M-270weremixed and subjected to autoglucosylation for
60 and 120 min (Fig. 5B). This supports the existence of stable
monomers at the submicromolar concentration at which the
MSAEwasmeasured, with no detectable formation of transient
autoglucosylable dimers (Fig. 2).
With respect to the possibility of dimer intrasubunit gluco-
sylation, evidence that this did in fact occur was obtained by
SDS-PAGEof the 14C-autoglucosylated heterodimer formedby
truncated and intact glycogenin species. Simultaneous intrasu-
bunit and intersubunit glucosylation was observed when mix-
ing the partially glucosylated full-length WT-38 species (0.04
M) with the T82M-270mutant (3.96 M) having only accep-
tor capacity (Scheme 1E and Fig. 6, lane 2). The intrasubunit
glucosylation of theWT-38 species was slightly inhibited com-
pared with monomer autoglucosylation (Fig. 6, lane 3). A sim-
ilar slight inhibition of the WT-38 intrasubunit glucosylation
occurred when forming the heterodimer with the D159S/
FIGURE 2. Time course of monomer- and dimer-specific autoglucosyla-
tion (A) and dimer MSAE against UDP-glucose concentration (B). The 14C
autoglucosylation of 0.04 M monomeric () and 4.0 M dimeric (●) apo-
270 glycogenins was carried out as described under “Experimental
Procedures.”
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Y194F-270 double mutant (Fig. 6, lane 4). On the other hand,
autoglucosylation was strongly inhibited when the non-gluco-
sylated apo-270 species was subjected to dimerization with
the D159S/Y194F-270 mutant (Scheme 1C and Fig. 6, lanes 5
and 6). This inhibition was further examined by measuring the
specific autoglucosylation extent of apo-270 and WT-270
after forming a heterodimer with the D159S/Y194F-270 dou-
blemutant. Fig. 7 shows that theMSAE of themonomeric form
was 5-fold lower upon heterodimerization of non-glucosy-
lated apo-270 compared with the partially glucosylated
WT-270 enzyme, which was only slightly inhibited, as
observed in Fig. 6 for the WT-38 species.
DISCUSSION
Two molecular forms of glycogenin are able to autoglucosy-
late andmay thus be candidates for priming de novo biosynthe-
sis of glycogen. An intramolecular mechanism of glucosylation
has already been described for the glycogenin monomer, but
the extent of the glucopolymerization capacity was not deter-
mined. On the other hand, the glycogenin dimer has been
shown to synthesize an oligoglucan of 12 glucose units, but its
capacity to carry this out by the proposed intersubunit gluco-
sylation mechanism has not been demonstrated. In this work,
we determined that the average MSAE produced by the glyco-
geninmonomer is 13.3 1.9 glucose units, similar to theMSAE
of 12.5  1.4 glucose units measured for the dimer. We also
analyzed the glucopolymerization capacity of a heterodimer
able to autoglucosylate only by an intersubunit or intrasubunit
reaction mechanism. For this purpose, we used two single
mutants, Y194F-270 andT82M-270, and theD159S/Y194F-
270 doublemutant, inactive for autoglucosylation. Each of the
three mutants was able to form heterodimers whenmixed with
apo-270 (Fig. 4), and the crystal structures of the four species
were indistinguishable when superimposed (Fig. 1).
As shown in Fig. 5, the time course of specific intersubunit
autoglucosylation of the heterodimer formed between the
Y194F-270 and T82M-270 mutants (Scheme 1B) revealed
the incapacity of this reaction mechanism to produce the glu-
cosylation rate or the full glucopolymerization shown by the
wild-type dimeric enzyme. On the other hand, dimerization of
autoglucosylation-active WT-270 and apo-270 with the
FIGURE 3. Deconvoluted mass spectra of fully autoglucosylated dimeric apo-270 glycogenin. The apo-270 species was analyzed by MS as described
under “Experimental Procedures” before (A) and after (B) autoglucosylation by incubation of 4.0 M glycogenin with unlabeled UDP-glucose for 60 min as
described in the legend to Fig. 2. The different glucosylated glycogenin species are labeled 10, 12, 13, 14, and 16 according to the number of Tyr-linked glucose
units. The relative abundance of each species was 7.2, 21.4, 37.5, 25.0, and 8.8%, respectively.
FIGURE 4. Gel filtration of glycogenin monomer, homodimer, and het-
erodimers. Monomeric apo-270 (0.1 M) was labeled in a 5-min incubation
with 10 M UDP-[14C]glucose and passed through a Superdex 75 column
before (E) and after mixing and equilibration for 20 min with 20 M T82M-
270 (f), Y194F-270 (Œ), D159S/Y194F-270 (●), or albumin (‚). 14C-Glu-
cosylated dimeric apo-270 (20 M; ) was also analyzed.
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double mutant, to analyze the glucosylation capacity of the
intrasubunit mechanism (Scheme 1C), hindered the glucosyla-
tion of non-glucosylated apo-270 but only slightly affected the
partially glucosylatedWT-270 monomeric glycogenin autog-
lucosylation (Fig. 6). The MSAE of the monomeric enzyme
forms of WT-270 and apo-270 was reduced by 16 and 84%,
respectively, after forming a heterodimer with the D159S/
Y194F-270 mutant (Fig. 7). Thus, dimer intrasubunit gluco-
sylation cannot significantly initiate but is able to complete
autoglucosylation after Tyr-194 has acquired several glucose
units by intersubunit glucosylation. The incapacity of the dimer
to acquire the first glucose units by intrasubunit glucosylation
might be due to the restrictions imposed on the dynamics of the
protein, thus affecting the movement of the acceptor tyrosine
toward the reaction center. The proximity of the-helixes con-
taining the Tyr-194 residues to the contact surface between the
subunits (12) could also have produced such restriction. Once
partially glucosylated by intersubunit reaction, the Tyr-bound
oligoglucan is then accessible for further glucosylation by intra-
subunit reaction.
The crystal structure of rabbit glycogenin in which Asp-162
was substituted with either serine or asparagine has provided
evidence for the essential role of Asp-162 in the glucosylation
reaction. This result led to the proposal that Asp-162 was the
nucleophile involved in the formation of a covalent enzyme-
substrate donor intermediate (13). Examination of the wild-
type enzyme crystal structure (12) shows the carboxylate of
Asp-162 to be at a distance of 21.03 Å from the Tyr-194
hydroxyl group within the same dimer subunit. A distance of
15.82 Å separates the Asp-162 carboxylate of a dimer subunit
FIGURE 5. Time course of heterodimer intersubunit autoglucosylation.
The heterodimers formed by mixing and equilibration of 0.04 M Y194F-270
with 3.96 M T82M-270 (A) and 0.04 M T82M-270 with 3.96 M Y194F-
270 (●) and 0.04 M T82M-270 with 0.04 M Y194F-270 () (B) were
subjected to 14C autoglucosylation as described under “Experimental Proce-
dures.” [14C]Glucose incorporation is represented as picomoles of het-
erodimer present.
FIGURE 6. Simultaneous heterodimer intrasubunit and intersubunit glu-
cosylation. The monomeric WT-38 (lanes 2– 4) and apo-270 (lanes 5 and 6)
glycogenin species (0.04 M) were subjected to 14C autoglucosylation for 60
min as described under “Experimental Procedures” before (lanes 3 and 5) and
after mixing and equilibration with 3.96 M dimeric T82M-270 (lane 2) and
D159S/Y194F-270 (lanes 4 and 6), and aliquots were analyzed by SDS-PAGE.
The molecular mass standards are indicated (lane 1). Upper panel, Coomassie
blue stain; lower panel, autoradiogram.
FIGURE 7. Heterodimer intrasubunit autoglucosylation. Shown is the
MSAE of monomeric apo-270 and WT-270 glycogenins before (black bars)
and after (white bars) dimerization with D159S/Y194F-270. The double
mutant (3.96 M) was mixed and equilibrated with 0.03 M apo-270 or
WT-270 and subjected to 14C autoglucosylation as described under “Exper-
imental Procedures.”
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from theTyr-194 hydroxyl group of the opposing subunit. Con-
sidering these large distances, it appears impossible for autog-
lucosylation to take place. On the basis of the detection of tetra-
meric forms of glycogenin by gel filtration, other authors have
examined whether thesemolecular forms could allow intermo-
lecular glucosylation of the dimer (Scheme 1F) (6, 13). How-
ever, the tetramer formation in our preparations at high
enzyme concentrations was neither detected by gel filtration
nor shown by analysis of the specific autoglucosylation rate
dependence on protein concentration (15). It is conceivable
that the molecular dynamics of the enzyme would provide the
conformational modifications required to shorten the men-
tioned distances, allowing the glucose transfer from the gluco-
sylated Asp-162 intermediate.
These results led us to conclude that both intersubunit glu-
cosylation and intrasubunit glucosylation acting in combina-
tion are required to produce the full glucopolymerization of the
glycogenin dimer. Nevertheless, the full autoglucopolymeriza-
tion capacity of the glycogenin monomer fulfills the functional
role of the enzyme to prime the biosynthesis of glycogen in vivo,
immediately after the protein is expressed, without requiring
prior dimerization.
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Table S1  Data collection and refinement statistics 
Data set Y194F-∆270 D159S/Y194F-∆270 
Space group I222 I222 
a (Å) 58.28 56.53 
b (Å) 103.37 105.64 
c (Å) 119.63 120.08 
Resolution Range (Å) 25.77-2.10 (2.21-2.10) 25.72-2.40 (2.53-2.40) 
Observed reflections 85,692 56,698 
Independent reflections 21,489 14,436 
Rmerge (%)a 6.8 (29.5) 6.9 (39.7) 
I/σ 8.8 (2.6) 8.6 (1.9) 
Completeness (%) 99.9 (99.9) 99.9 (100.0) 
Refinement 
 
Reflections in refinement 20,342 13,710 
Rcryst. (%)
b 19.62 21.28 
Rfree (%) (test set 5%)
c 23.94 25.92 
r.m.s.d. on bond lengths (Å)d 0.009 0.011 
r.m.s.d. on bond angles (°)d 1.178 1.307 
The values in parentheses refer to the highest resolution shells. 
a Rmerge = ΣhΣi | Iih – <Ih> | / ΣhΣi <Ih> where <Ih> is the mean intensity of the i observations of 
reflection h.  
b Rcryst = Σ | |Fobs| - |Fcalc| | / Σ |Fobs|. where |Fobs| and |Fcalc| are the observed and calculated 
structure factor amplitudes. respectively. Summation includes all reflections used in the refinement. 
c Rfree = Σ | |Fobs| - |Fcalc| | / Σ |Fobs|. evaluated for a randomly chosen subset of 5% of the diffraction 
data not included in the refinement. 
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